Changes of serum renin activity, heart rate, blood pressure, renal sodium, potassium and metadrenaline excretion and alveolar gas tensions were recorded during two 2\p=n-\3 h exposures to 446 mmHg barometric pressure (simulated altitude of 4279 m or 14000 ft). Serum renin activity rose considerably during the first exposure and only slightly during the second. This effect was positively correlated with the changes of heart rate. There was little change in blood pressure or in the rate of renal excretion of sodium, potassium or the metadrenalines.
INTRODUCTION
Reduction of blood flow to the kidney initiates physiological events which include an increase of arterial pressure and an increase in the rate of aldosterone secretion (Carpenter, Davis & Ayers, 1961; Slater, Barbour, Henderson, Casper & Bartter, 1965) . These effects are mimicked by renin, in so far as renin increases the concentra¬ tion of angiotensin II at the appropriate effector site. The mechanisms by which renal ischaemia stimulates renin production have been variously attributed to changes of the transmural pressure in the region of the juxtaglomerular apparatus (Tobian, 1960 ; Skinner, McCubbin & Page, 1964) , changes of sodium concentration in the distal tubule (Thurau, 1966; Vander, 1967) and changes of sympathetic nervous activity (Vander, 1965;  Bunag, Page & McCubbin, 1966; Hodge, Lowe & Vane, 1966) . However, renal ischaemia may also produce a reduction of oxygen tension at the cell surface which may be important in the control of renin release. This conception has been tested previously by acute studies in traumatized, anaesthetized animals (Huidobro & Braun-Menendez, 1942 ; Divry, 1951 ; Skinner et al. 1964 ) but the results were negative, despite the increase of sympathetic nervous activity which is now known to occur in response to hypoxia (Körner & White, 1966;  Richardson, Kontos, Raper & Patterson, 1967) . Therefore, it seemed pertinent to re-examine, in normal men, the effect of hypoxia on renin release. This is especially pertinent because Slater, Tuffley, Williams, Beresford, Sònksen, Edwards, Ekins & McLaughlin (1969) have recently suggested that plasma renin activity may increase at high altitude despite a reduction in the rate of aldosterone secretion.
MATERIALS AND METHODS
Four normal men (the authors) aged 39, 44, 36 and 29 (subjects -D) were exposed to a barometric pressure of 446 mmHg to simulate an altitude of 4279 m (14000 ft) for two periods of 3 h and 2 h 30 min respectively, as indicated in Fig. 1 In order to increase serum renin activity so that a reduction could be detected readily, added sodium chloride was withheld from the diet for the previous 3 days ; 1 g chlorothiazide was taken by subjects A and at 08.30 and 13.00 h and by subjects C and D at 13.00 and 18.30 h on the previous day. The subjects remained recumbent in bed until 11.00 h on the day of the experiment after which they walked about or sat down for the rest of the experiment. The timing and posture were chosen so that the serum renin activity could be evaluated against the flat or falling part of the curve of the diurnal variation of serum renin activity (Gordon, Wolfe, Island & Liddle, 1966) . A light breakfast, lunch and tea were taken at 09.00, 13.00 and 16.30 h respectively.
Once during each period at normal barometric pressure and twice during each period of decompression each subject relaxed completely for 7-10 min in a comfort¬ able armchair. Electrocardiographic (e.c.g.) leads were connected to prefixed limb electrodes and the subject wore headgear which included a close-fitting, low deadspace oro-nasal mask. Towards the end of this period of rest successive end-tidal air samples were collected and the heart rate and blood pressure were recorded. The partial pressures of oxygen and carbon dioxide in the end-tidal air samples were determined on an M 54 Mass Spectrometer. Heart rate was measured from computerassisted determinations of the R-R intervals on three electrocardiograms of 40 s made successively towards the end of each period of relaxation. The mean of these three readings was adopted. Sphygmomanometric measurements of arterial blood pressure were made 2-3 min before the end of the relaxation period and immediately preceding the collection of those end-tidal air samples from which the data are derived. Sphygmomanometric values, the end tidal-air samples and the e.c.g. tracings were obtained by an independent medical observer who received 100% oxygen via a loose-fitting face mask during decompression. Blood (20 ml) for renin assay was taken from an antecubital vein without stasis at approximately 11.20 and at 12.30, 13.35, 14.30, 15.30, 16.35, 17.35, 19.30, 20.30 and 22.30 h. The bladder was emptied at the time of venepuncture so that urine was collected in 1-2 h periods throughout the experiment. Ten min after venepuncture each subject received 12 ml of 0-15 M-NaCl and water equivalent in volume to the quantity of urine passed during the previous period plus an allowance for insensible water loss of 50 ml at normal pressure and 75 ml during decompression.
Serum renin activity Renin activity was measured on 10 ml serum by an enzyme kinetic technique which has already been described in principle (Slater et al. 1969 ) but which will be reported in detail elsewhere (R. E. Tuffley & J. D. H. Slater, in preparation). It is a combination of some of the principles in the procedures described by Brown, Davies, Lever, Robertson & Tree (1964) and by Boucher, Veyrat, Champlain & Genest (1964 Poulsen (1968) and about 4-5 times the values reported by Pickens, Bumpus, Lloyd, Smeby & Page (1965) and by Haas & Goldblatt (1967 (Boucher et al. 1964 ), the angiotensin concentration/100 ml serum after only 4 h incubation is reported (ng/100 ml/4 h).
The standard error of the estimate of the slope (ng angiotensin/ml/h) has been calculated for all the renin assays derived from multiple values of angiotensin con¬ centration. It averaged ±8-8% and + 13-5% of the AFR for the '24-h AFR' and -h AFR' respectively. Correlation of the 24-h AFR with the angiotensin con¬ centration at 4 h was poor (r, 0-61 ; s.e. of the estimate of the slope, + 24-6 %) but correlation between the 24-h AFR and the 10-h AFR was good (r, 0-91 ; s.e. of the estimate of the slope, ± 8-2 %). The ratio of the 10-h to the 24-h AFR did not differ significantly from unity throughout the range observed in this study (1-9 ng/ml/h).
Excretion rate of metadrenalines
The rate of renal excretion of the total metadrenalines was determined for each urine collection period. After acidification to pH 0-9, the sulphate esters were hydrolysed at 100°C for 20 min. The cooled hydrolysate was neutralized to pH 6-2 and passed through a cation-exchange resin column from which, after washing, the metadrenalines were eluted with 10 ml of 4 n-NH4OH. They were then measured by the method of Pisano (1960) , as modified by Ruthven & Sandier (1965 Despite changing from the recumbent to the upright posture, there was a significant reduction in the serum renin activity (to nearly half the initial values) between 11.20 and 12.30 hour Exposure to hypoxia was associated with an increase of serum renin activity at 1 h which was consistent in all individuals and highly significant statistic¬ ally, however expressed. The increase ranged from 2-3 to 3-9 times the value observed immediately before decompression. At the end of the second hour the serum renin activity had fallen considerably in subjects C and but it remained unchanged in the other subjects. However, by the end of the third hour at 446 mmHg the values were similar to those observed at the end of the first hour. There was no statistical differ¬ ence between the renin activity in the three blood samples collected during the first period of hypoxia.
One hour after returning to normal barometric pressure the serum renin activity was lower than that observed during the hypoxic period but it was not until another hour had elapsed that the reduction became significant. exposure, however expressed (Table 2) . Renin activity increased in subjects A and C and decreased further in the other two. The contrast between the behaviour of the serum renin activity during the two 'ascents' is shown in Fig. 1 (a Figure 1(a) shows the 24-h AFR expressed in the same way.
Significant correlations with other parameters are shown in Table 5 . Partial pressure of carbon dioxide and oxygen The expected changes of p02 in the end-tidal air took place in each subject during both periods of decompression (Table 3) . There was little variability between subjects. Subject D showed the greatest fall of p02 (to 45-46 mmHg) in response to each period of decompression. Subject C showed the smallest fall in response to the first period (to 52-53 mmHg) but the fall in the response to the second period (to 48 mmHg) was slightly greater than that of either subject or A.
The respiratory response to hypoxia is reflected in the values for the end-tidal pC02 ( (Mitchell, 1966) .
Heart rate and arterial blood pressure
As shown in Table 3 the heart rate increased considerably in response to the first period of decompression but little in response to the second. Initial values ranged from 70 (subject D) to 86 (subject A) per min. The first exposure to hypoxia was associated with an increase of the heart rate by 8-24 beats/min. Recovery, at normal barometric pressure, from the first exposure was associated with a return to a mean value (range 70-91) which was not significantly different from the initial one. The second exposure was associated with a much smaller change of heart rate (range -1 to +9 per min). The difference between the response to the first exposure and the response to the second exposure is significant (P < 0-05). The systolic blood pressure decreased slightly in all four subjects during both periods of hypoxia (Table 3 ). The change was significant at the 5 % level but the maximum fall was modest, from 107 to 101 mmHg (subject A). Mean values for the group showed a fall from 111 to 107 mmHg and from 111 to 106 mmHg for the first and second exposure respectively.
Simultaneously recorded data for AFR, heart rate, systolic and diastolic blood pressure, pC02 and p02 were pooled for the four subjects and correlation coefficients calculated (Table 5) . Although, as a group, there was no significant fall of diastolic pressure, there was significant negative correlation with heart rate. In addition, the heart rate correlated negatively with the p02 and pC02 and positively with the AFR.
Renal sodium and potassium excretion and urine volume Table 4 shows that there were no consistent changes in the rate of renal excretion of sodium or potassium during either period of exposure to hypoxia. There was, however, a slight and significant increase in the rate of sodium excretion during the first hour of the second exposure. This corresponded with a small, but again signifi¬ cant, increase in the urine volume. The urinary Na+ : K+ ratio fell significantly in the last 2 h of the first exposure to hypoxia but changed little during the second.
Analysis of the individual patterns of renal sodium excretion in relation to the AFR shows that there was no significant correlation in any subject when the AFR was compared with the rate of renal sodium excretion during the preceding period of approximately 1 h. When, however, the AFR 2 h later was considered, a significant positive correlation (P < 0-05) was obtained in three out of the four subjects.
Renal excretion of metadrenaline and normetadrenaline As shown in Table 4 no significant effect of exposure to hypoxia can be discerned but the rate of renal excretion of these catecholamine metabolites is significantly higher at the end of the first exposure compared with the end of the second exposure. (Huidobro & Braun-Menendez, 1942; Divry, 1951 ; Skinner et al. 1964 ) but the early physiological adjustments to more prolonged hypoxia in man are now known to be so complex that it is difficult to predict the likely changes in blood renin activity (see Körner, 1959) .
The present results show that, in contrast to acute experiments in anaesthetized animals, exposure to prolonged hypoxia in man increases serum renin activity. We assume that, in common with many other experiments in which hypoxia has been induced by decompression, any effects of a reduced barometric pressure per se can be ignored.
It could be argued that the changes of serum renin activity which we have observed are merely the consequence of a combination of changing posture and changing time of day. The timing and postural changes of our experiment were, however, designed to minimize these factors. Our experiment was carried out in the afternoon so that the serum renin activity would otherwise be falling rather than rising (Gordon et al. 1966) . Gordon et al. (1966) have shown that rising at midday rather than 08.00 h produces only slight changes in serum renin activity between midday and 16.00 h. The fall of renin activity which we observed between 11.20 and 12.30 h suggests that, despite the assumption of the erect posture at 11.00 h, it would have diminished rather than increased during the period of the first 'ascent'. This fall of serum renin activity appears to contrast with the rise expected (Gordon et al. 1966 ) when a subject be¬ comes ambulant after lying recumbent. However, Nielsen & M0ller (1968) (1959) exposed young men to a psychological stress, the main feature of which was apprehension. Heart rate increased (8-26 beats/min) but arterial pressure also increased consistently (systolic pressure by + 7 to +35 mmHg). In our experiments a similar change of heart rate (2-25 beats/min) was associated with a slight fall of arterial pressure.
Nevertheless, the cardiovascular response, as reflected in the heart rate, was differ¬ ent during the two 'ascents'. On the first, all subjects showed a definite increase of heart rate which correlated positively with the rise of serum renin activity whereas, in the second, there were only slight changes in both heart and renin activity. Since heart rate reflects cardiac output during hypoxia (Körner, 1959) , this suggests that, under the conditions of our experiments, the first 'ascent' was associated with a greater rise of cardiac output than the second. Little information is available on the differences in cardiovascular response to repeated exposures to hypoxia but it is possible that partial 'acclimatization' was induced by the first period of decom¬ pression so that the cardiovascular response, and hence the renin response, to the second period of decompression was attenuated. That physiological acclimatization can occur with exposures as short as 3 h is indicated by the changes of pC02, which did not return to the control levels even 2 h after recompression to normal barometric pressure.
There was a small fall in both systolic and diastolic arterial pressure during both periods of decompression which might be expected to increase the rate of renin secretion. However, the change of arterial tension was small, and acute studies in man and dogs (Huidobro & Braun-Menendez, 1942; Divry, 1951;  Kaneko, Ikeda, Takeda & Ueda, 1967) suggest that renin secretion does not increase until a systolic pressure of 80 mmHg or less is reached. In our experiments, mean arterial pressure decreased to a similar extent during both periods of hypoxia whereas renin activity only increased unequivocally during the first, which suggests that changes of arterial pressure were unimportant. Also, more prolonged exposure to hypoxia generally increases arterial pressure (Pace, 1961) when plasma renin activity is increased rather than decreased (Slater et al. 1969) .
In so far as changes of renal sodium excretion reflect changes of sodium concentra¬ tion in the distal tubule, it is unlikely that the macula densa theory for the control of renin secretion (Vander, 1967) applies under the conditions of our experiment. Correlation between renin activity and the rate of renal sodium excretion over the preceding hour was poor and the only significant relationship was with the rate of renal sodium excretion during the subsequent hour when a weak positive rather than a negative correlation was found in three of the four subjects.
Hypoxia is associated with increased activity of the autonomie nervous system (Körner & White, 1966; Richardson et al. 1967) which has a strong influence on the rate of renin secretion (Vander, 1965) . Provided that hypoxia does not influence the rate of renin metabolism, this would suggest that the increase of renin activity which we observed was the consequence of increased autonomie nervous system activity. We investigated this possibility by estimating the rate of renal excretion of metadrenaline and normetadrenaline. The results show little change with exposure to hypoxia but it may be relevant that the rate of excretion of these metabolites was significantly lower in the last hour of the second period of decompression when compared with the last hour of the first period. However, the recycling of noradrenaline released from nerve endings (Iversen, 1967) means that our negative findings provide little evidence against the idea that there is an increase of autonomie nervous system activity during short periods of hypoxia.
The increase of serum renin activity with hypoxia observed appears to contrast with the observations of Donati, Bourgoignie, Kuhn, Gallagher & Perry (1968) in rats. They stress the dissociation between plasma renin and erythropoietic activity which is interesting because hypoxia increases the granularity of the juxtaglomerular cells (Demopoulos, Highman, Altland, Gerving & Kaley, 1965; Oliver & Brody, 1965) . These cells are thought to be the source of renin (Tobian, Janecek & Tomboulian, 1959; Pitcock, Hartroft & Newmark, 1959; Fisher, 1961) . Hypoxia also increases erythropoietic activity in man (Reynafarje, 1964 ; Siri, van Dyke, Winchell, Pollycove, Parker & Cleveland, 1966) so that, unlike the rat, a dissociation between renin and erythropoietin may not occur in man. However, we suggest that the changes of renin activity are an indirect effect of hypoxia so that differences of experimental design, particularly in relation to sodium balance, provide a better explanation of the apparent discrepancy.
In conclusion we suggest that the changes of renin activity during hypoxia in man are mediated by some mechanism associated with cardiovascular function rather than a direct effect of hypoxaemia on renin-producing cells.
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